To elucidate the molecular mechanisms underlying switching from asexual to sexual reproduction, namely sexual induction, we developed an assay system for sexual induction in the hermaphroditic planarian species Dugesia ryukyuensis. Ovarian development is the initial and essential step in sexual induction, and it is followed by the formation of other reproductive organs, including the testes. Here, we report a function of a planarian D-amino acid oxidase, Dr-DAO, in the control of ovarian development in planarians. Asexual worms showed significantly more widespread expression of Dr-DAO in the parenchymal space than did sexual worms. Inhibition of Dr-DAO by RNAi caused the formation of immature ovaries. In addition, we found that feeding asexual worms 5 specific D-amino acids could induce the formation of immature ovaries that are similar to those observed in Dr-DAO knockdown worms, suggesting that Dr-DAO inhibits the formation of immature ovaries by degrading these D-amino acids. Following sexual induction, Dr-DAO expression was observed in the ovaries. The knockdown of Dr-DAO during sexual induction delayed the maturation of the other reproductive organs, as well as ovary. These findings suggest that Dr-DAO acts to promote ovarian maturation and that complete sexual induction depends on the production of mature ovaries. We propose that Dr-DAO produced in somatic cells prevents the onset of sexual induction in the asexual state, and then after sexual induction, the female germ cells specifically produce Dr-DAO to induce full maturation. Therefore, Dr-DAO produced in somatic and female germline cells may play different roles in sexual induction.
Introduction
Asexual freshwater planarians reproduce by dividing their body into 2 parts and regenerating the lost parts. However, depending on the environmental conditions, some of these planarians can develop hermaphroditic reproductive organs to undergo sexual reproduction (Curtis, 1902; Kenk, 1937; Hyman, 1939; Vowinckel, 1970; Vowinckel and Marsden, http://dx.doi.org/10.1016/j.mod.2013.12.003 0925-4773/Ó 2014 Elsevier Ireland Ltd. All rights reserved.
1971a,b). Methods to induce sexual worms from asexual worms have contributed to our understanding of the mechanisms involved in this switch from asexual to sexual reproduction (Kenk, 1941; Okugawa, 1957; Grasso and Benazzi, 1973; Sakurai, 1981) . We have found that an asexual population of Dugesia ryukyuensis (OH strain) develops reproductive organs when fed minced bodies of sexually mature Bdellocephala brunnea worms (Kobayashi et al., 1999) . This result clearly indicates that sexually mature worms contain certain substance(s) that stimulate sexual induction in the OH worms. In this sexual induction, a pair of ovaries, a copulatory apparatus, testes, a genital pore, and yolk glands developed in this order within 5 weeks ( Fig. S1 ) Hoshi, 2002, 2011) .
D-Amino acids play various physiologically important roles in animals (Khoronenkova and Tishkov, 2008) . For example, Daspartate modulates hormone secretion in the neuroendocrine systems of vertebrates (Ota et al., 2012) . In animals, Damino acids are primarily degraded by D-amino acid oxidase (DAO) and D-aspartate oxidase (DDO) (Pollegioni et al., 2007; Schell, 2004; Yamamoto et al., 2010) . In the case of Caenorhabditis elegans, inhibition of these enzymes profoundly affects egglaying and the development of germ cells (Saitoh et al., 2012) .
In the present study, we examined DAO/DDO activity in homogenates of OH worms to find only the DAO activity. We then cloned a D. ryukyuensis DAO homolog (Dr-DAO). The gene was expressed as a fusion protein in Escherichia coli to confirm that the encoded protein degrades D-amino acids. Using in situ hybridization, RNA interference (RNAi), and a feeding system to stimulate sexual induction, we analyzed the role of Dr-DAO in the sexual induction of D. ryukyuensis, and showed that Dr-DAO is involved in ovarian development.
Results

DAO activity in the asexual and sexual worms of D. ryukyuensis
We examined the D-amino-acid-degrading activity in homogenates of whole asexual and sexual D. ryukyuensis OH strain worms. D-Amino acid oxidases (DAOs) oxidize various D-amino acids into their corresponding 2-oxo acids (Tanaka et al., 2007) . When we incubated D-alanine with the homogenates, pyruvate was formed in a time-dependent manner. Pyruvate production was strongly inhibited in the presence of 100 mM benzoate, indicating that the production of pyruvate from D-alanine is dependent on DAO. As shown in Fig. 1A , homogenates of asexual worm bodies (0.66 ± 0.08 U/ g protein) contained about 2-fold higher DAO activity than homogenates of sexual worm bodies (0.30 ± 0.03 U/g protein).
2.2.
Cloning of the D. ryukyuensis DAO gene
To characterize the DAO found in D. ryukyuensis worms, we cloned its cDNA and expressed D. ryukyuensis DAO (Dr-DAO) in E. coli. Fig. 1C shows the nucleotide sequence of the cloned cDNA and the deduced amino acid sequence. The cDNA has a 20-bp 5 0 untranslated region and a 94-bp 3 0 untranslated region. A polyadenylation signal (AATAAA) is located 14 bp upstream from the beginning of the poly A tail. The cDNA is predicted to encode a protein of 332 amino acids. The GAGING sequence in the N-terminal region of Dr-DAO (indicated by the box in Fig. 1C ) is predicted to be a GXGXXG dinucleotide binding motif, suggesting that these residues are responsible for FAD binding (Pollegioni et al., 2007) . The C-terminal AKL sequence (indicated by the solid underline in Fig. 1C ) is a predicted type 1 peroxisomal targeting signal, indicating that Dr-DAO is a peroxisomal enzyme (Pollegioni et al., 2007) . The amino-acid identity shared between Dr-DAO and other animal DAOs from C. elegans and pig was 35%. Dr-DAO was overexpressed in E. coli BL21 (DE3) cells and purified by Ni-affinity chromatography to homogeneity (Fig. S2A) . The recombinant Dr-DAO showed strong D-amino acid-degrading activity against various D-amino acids (Fig. S2B) . We compared Dr-DAO mRNA expression levels in asexual and sexual worms using qRT-PCR (Fig. 1B) . The asexual worms had significantly higher Dr-DAO mRNA expression than the sexual worms, consistent with the results found for DAO activity (Fig. 1A) . When the expression of Dr-DAO in the worms was knocked down by RNAi (Fig. S3A ), DAO activity could not be detected (Fig. S3B ).
Expression pattern of Dr-DAO in asexual and sexual worms
To examine where Dr-DAO is expressed in the worms, we performed in situ hybridization on whole-mount asexual worms. We observed strong Dr-DAO expression throughout the mesenchymal tissues ( Fig. 2A) . As shown in transverse sections of the head (Fig. 2I ) and trunk ( Fig. 2L ) regions, Dr-DAO transcripts were widely distributed in the parenchyma.
Pluripotent stem cells (neoblasts) exist in the parenchyma of the worm and can be selectively destroyed by X-ray irradiation (Wolff and Dubois, 1948) . After 2 days of irradiation, expression of Drpcna, a neoblast marker gene , was barely detectable by qRT-PCR (Fig. S4A) , whereas the expression levels of Dr-DAO transcript did not change (Fig. S4B) . These results suggest that the parenchymal Dr-DAO-expressing cells are not neoblasts.
In situ hybridization of whole-mount sexual worms showed that Dr-DAO transcripts were strongly expressed in the head and tail tip regions (Fig. 2D) . The expression pattern of Dr-DAO in the sagittal sections of sexual worms was similar to that of asexual worms in the head region (Fig. 2I, O) ; however, it was significantly different in the trunk region (Fig. 2L,  R) .
We performed whole-mount in situ hybridization for Dr-DAO to analyze its expression pattern at different stages of sexual induction. High expression levels of Dr-DAO were observed throughout the parenchyma during sexual induction (Fig. 2B, C) . In addition, we detected transient Dr-DAO expression in the developing ovaries at stage 3/4 (Fig. 2B, C, F and G) . This coincides with the frequent differentiation of oogonia into oocytes and their movement from the periphery to the center of the developing ovaries. By performing in situ hybridization experiments on sections, we found that Dr-DAO was expressed in oogonia within the periphery of the ovaries at stage 4 (Fig. 2U ).
2.4.
Dr-DAO knockdown in asexual worms
Because Dr-DAO expression was stronger in the asexual worms than the sexual worms, we examined the phenotype of Dr-DAO-knockdown asexual worms using RNAi. After feeding the asexual worms food supplemented with Dr-DAO dsRNA daily for 4 weeks, immature ovaries appeared (0/30 in the control worms, 8/29 in the Dr-DAO knockdown worms, P < 0.005; Table 1 , Fig. 3B, D) . Histological examination showed that the ovaries contained large numbers of oogonia but no oocytes (Fig. 3F) .
During sexual induction, the stages of ovarian development are as follows (Kobayashi et al., 1999) . At stage 0 (asexual state), worms have a pair of very small ovaries with a few oogonia, namely ovarian primordia. At stage 1, the number of oogonia increases and the ovaries enlarge enough to be visible. At stage 2, oocytes appear in the ovaries. During stages 3-5, the oocytes gradually mature. According to these descriptions, the enlarged ovaries of Dr-DAO knockdown worms seem to correspond to stage-1 ovaries (Fig. 3F) . These results suggest that Dr-DAO acts to repress the increase in oogonia number of asexual worms.
Dr-DAO knockdown in asexual worms triggered an increase in oogonia and enlargement of the ovaries. Because D-amino acids are only degraded by Dr-DAO in worms, we thought that the increased concentrations of D-amino acids due to Dr-DAO knockdown induced the changes observed in the ovaries. Indeed, we found that supplementation with dietary D-tryptophan induced immature ovaries in asexual worms (K. Kobayashi et al., unpublished) . To address this issue, we fed the asexual worms food supplemented with various D-amino acids, and the results are summarized in Table 2 . Feeding the asexual worms foods supplemented with D-arginine, D-phenylalanine, D-leucine, or D-asparagine resulted in the formation of visible ovaries with numerous oogonia and fewer oocytes, similar to what was observed in the Dr-DAO knockdown worms (Fig. S5) . Supplementation with the other D-amino acids tested had no effect on the ovarian primordia, even at the highest doses of 87 pmol/day (Table S1 ).
Dr-DAO knockdown under sex-inducing conditions
We examined the effect of Dr-DAO knockdown under sexinducing conditions, because we detected transient Dr-DAO expression in the developing ovaries (Fig. 2F , G, U). We fed asexual worms minced B. brunnea worms supplemented with Dr-DAO dsRNA daily. However, after 4 weeks of feeding, we found that there were few oocytes in the ovaries of the worms fed Dr-DAO dsRNA (Fig. 4D) , whereas a large number of oocytes were found in the ovaries of worms that were not fed Dr-DAO dsRNA (Fig. 4C) . Interestingly, after 4 weeks of feeding, we also noted that the development of testes, yolk glands, and a copulatory apparatus were inhibited by Dr-DAO knockdown (Fig. 4D , F, H, J). Finally, the percentage of fully sexual worms among the Dr-DAO knockdown worms was significantly lower than among the controls (Table 3) . It is of note that the worms fed Dr-DAO dsRNA grew to the same body size as those fed EGFP dsRNA (Fig. 4A , B, and Fig. S6A ). Dr-DAO is involved in maintaining the asexual state of OH strain worms
In the present study, we found that Dr-DAO was expressed in the non-neoblast cells of the parenchyma throughout the asexual worms ( Fig. 2A, I , L, and Fig. S4 ). When we inhibited the expression of Dr-DAO in asexual worms using RNAi, the number of oogonia increased significantly and the ovaries enlarged enough to be visible (Table 1, Fig. 3B, D, F) . In addition, when we fed the asexual worms food supplemented with Dtryptophan, D-arginine, D-phenylalanine, D-leucine, or Dasparagine, the increase in the number of oogonia and the enlargement of the ovaries (stage-1 ovaries) were similar to those observed in the Dr-DAO-knockdown worms (Table 2 , Fig. S5 ). These findings suggest that in asexual worms, Dr-DAO acts to repress early ovarian development, which is the first step of sexual induction, possibly through degradation of these D-amino acids. Neoblasts can differentiate into all known somatic cell types (Reddien et al., 2005; Wagner et al., 2011) , and may also differentiate into germline cells (Sato et al., 2006; Wang et al., 2007) . It has been proposed that oogonia are produced from neoblasts via differentiation (Sato et al., 2006; Wang et al., 2007) . Feeding asexual worms food supplemented with D-tryptophan sometimes induced ectopic oogonial cells in the parenchyma at the dorsal midline (Kobayashi K et al., unpublished) . Dr-DAO seems to lower the concentration of D-amino acids surrounding the neoblasts to prevent their differentiation into oogonia.
3.2.
Dr-DAO is required for the differentiation of oogonia into oocytes in the developing ovaries of worms
The levels of Dr-DAO expression in the developing ovaries at stage 3/4 during sexual induction were very high (Fig. 2B , Asexual worms (5 mm in length) were fed chicken liver supplemented with 100 ng of EGFP (control) or Dr-DAO dsRNA. After 4-week feeding, ovarian development was examined using a stereomicroscope. Chi-square test ( * P < 0.005).
C, F, G, U). At these stages, Dr-DAO has a function distinct from that in early ovarian development. When the asexual worms were fed food supplemented with minced B. brunnea worms and Dr-DAO dsRNA, oocyte differentiation in the ovaries proceeded at a slower rate than that in worms fed food supplemented with minced B. brunnea worms only (Fig. 4D) . Moreover, the knockdown of Dr-DAO resulted in a concomitant delay in the differentiation of the other reproductive organs (copulatory apparatus, testes, and yolk glands; Table 3 , Fig. 4F , H, J). These results suggest that Dr-DAO promotes the differentiation of oogonia into oocytes, and that ovarian maturation is important for the development of the other reproductive organs (complete sexual induction). Based on the observed spatiotemporal expression patterns of Dr-DAO, we hypothesize that Dr-DAO is produced in X-rayresistant differentiated cells in the asexual state, and then after sexual induction the germ cells start to produce DAO in the ovary. Therefore, DAO produced in somatic and female germline cells may play different roles.
D-Amino acids and ovarian development
In this study, we found that 5 of the D-amino acids examined (D-tryptophan, D-arginine, D-phenylalanine, D-leucine, and D-asparagine) have stage-1 ovary-inducing activity. Interestingly, these 5 D-amino acids maximally induced stage-1 ovaries in asexual worms at picomolar levels (Table 2 ). These D-amino acids have distinct properties and structural characteristics. These findings suggest that these D-amino acids may function as inductive signals of stage-1 ovaries through yet unknown receptors. Recently, Collins et al. reported that a neuropeptide Y (NPY) superfamily member is required for the maintenance of mature reproductive organs and differentiated germ cells in the testes of the planarian, Schmidtea mediterranea (Collins et al., 2010) . They also proposed that coordinated signaling between the central nervous system (CNS) and the gonads via peptide hormones such as NPY-8, controls planarian reproductive development. In this study, knockdown of Dr-DAO, which is transiently and highly expressed in the developing ovaries, repressed the differentiation of ovaries and the other reproductive organs. Therefore, ovarian maturation seems to be important for the development of the other reproductive organs. These present observations, together with potential coordination between the CNS and the gonads, suggest the possibility that peptide hormones produced in the mature ovaries provide the CNS with information about ovarian maturity, and then peptide hormones produced in the CNS promote the development of other reproductive organs. However, further research to address these concerns is needed.
Some D-amino acids have deleterious effects on the growth of animals; for example, diets containing a large amount of D-phenylalanine inhibit the growth of mice (Friedman, 1999) . However, none of the 5 D-amino acids showed any deleterious effects on the growth of planarians under the conditions used in the present study (Fig. S6B) .
In conclusion, in this study, we reported a function for DAO in the control of ovarian development in planarians. Our study identified D-amino acids as potential inductive agents in oogenesis. These findings implicate a new role for D-amino acid metabolism in the germline development of animals. Because DAO is evolutionary highly conserved, our observations of planarians, an ancestral bilaterian, will provide further understanding of germ cell biology in higher animals. 4.
Experimental procedures
Animals
The sexual OH strain of the planarian D. ryukyuensis (Kawakatsu et al., 1976 (Kawakatsu et al., , 1995 was donated by Dr. Ishida (Hirosaki University). The worms were cultured at 20°C in dechlorinated tap water. Asexual worms were fed chicken liver and the culture medium was exchanged once a week. Sexual D. ryukyuensis worms were obtained from asexual worms by feeding them minced B. brunnea worms (Ijima and Kaburaki, 1916) , as previously described (Kobayashi et al., 1999) .
Reagents
D-Tryptophan, glycine and sodium benzoate were purchased from Nacalai Tesque (Kyoto, Japan). The other D-amino acids (alanine, arginine, asparagine, aspartate, cysteine, glutamine, glutamate, histidine, isoleucine, leucine, lysine, methionine, phenylalanine, proline, serine, threonine, tyrosine, and valine) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Flavin adenine dinucleotide (FAD) and catalase were purchased from Wako Pure Chemical Industries (Osaka, Japan) and Boehringer Mannheim (Mannheim, Germany), respectively. 
Preparation of test foods supplemented with D-amino acids
Each of the D-amino acids was mixed with a 100-lL aliquot of chicken liver homogenates, and the respective mixtures were freeze-dried (test foods). Ten worms were fed the test foods daily for 4 weeks unless otherwise described.
Measurement of DAO activity
Five planarian worms (20-40 mg) were homogenized on ice with 4 volumes of 10 mM pyrophosphate buffer (pH 8.3) using a plastic homogenizer. DAO activity in the homogenates was determined by measuring the production of pyruvate from Dalanine at 37°C according to our previously published method (Tanaka et al., 2007 ). An aliquot of the homogenate (20 lL) was added to a reaction mixture (200 lL) containing 50 mM pyrophosphate buffer (pH 8.3), 50 mM D-alanine, 10 lM FAD, and 10 lg of catalase. One unit of DAO activity was defined as the amount of enzyme that produced 1 lmol of pyruvate per min under the assay conditions. In the presence of 100 mM sodium benzoate, pyruvate production was almost completely inhibited, confirming that the observed activity was due to DAO.
4.5.
Cloning of D. ryukyuensis DAO complementary DNA (cDNA)
Total RNA was extracted from sexual D. ryukyuensis worms using a Sepasol RNA I Super extraction kit (Nacalai Tesque, Kyoto, Japan). First strand cDNA was prepared from the total RNA using reverse transcriptase (Toyobo, Osaka, Japan). The cDNA of D. ryukyuensis DAO was amplified by PCR using the first strand cDNA as a template and primers 5 0 -TAC-CGCAAAGTGATGGAG-3 0 (forward) and 5 0 -GACCAACGTC TTTTGCAC-3 0 (reverse). This primer set was designed based on the sequence of the DAO homolog in the Schmidtea mediterranea genome (Robb et al., 2008) and the expressed sequence tag of Dugesia japonica (Mineta et al., 2003) . The PCR protocol was as follows: 94°C for 2 min, followed by 30 cycles of 94°C for 30 s, 55°C for 30 s, and 68°C for 1 min. Full-length sequences of the genes were obtained using 3 0 and 5 0 -rapid amplification of cDNA ends (RACE) using a SMART TM RACE cDNA Amplification kit (Clontech, Mountain View, CA, USA) and the following primer set: Dr-DAO 5 0 RACE1, 5 0 -GAG- 
Expression and purification of recombinant D. ryukyuensis DAO
To express an N-terminally His 6 -tagged Dr-DAO, the Dr-DAO open reading frame (ORF) cDNA was amplified by PCR using the first strand cDNA and primers 5 0 -CACCATGCA-TATTGCAGTAATTGG-3 0 and 5 0 -TCATAATTTCGCTTTGAGCAG-3 0 (the underlined sequence was added for directional TOPO cloning). The PCR product was cloned into the pET100/D-TOPO vector (Invitrogen) and the obtained expression plasmid (pETDr-DAO) was transformed into BL21 Star (DE 3) E. coli cells (Invitrogen). The cells were grown at 37°C to an optical density at 600 nm (OD 600 ) of 0.5-0.8 in LB medium containing 100 lg/mL ampicillin. After the addition of isopropyl-1-thio-b-D-galactopyranoside at a final concentration of 0.1 mM, the culture was grown for an additional 8-12 h. The E. coli cells were harvested by centrifugation and stored at À20°C until use. The E. coli cells (27 g) were resuspended in 160 mL of 20 mM potassium phosphate (pH 7.5) containing 100 lM FAD and 1 mM sodium benzoate (buffer A), and disrupted by sonication on ice. The homogenates were centrifuged at 39,200·g for 20 min, and the supernatant was applied to a His trap column (7-mL bed volume; GE Healthcare, Uppsala, Sweden) preequilibrated with buffer A containing 0.5 M NaCl and 20 mM imidazole. The column was washed with 35 mL of equilibration buffer, and the recombinant enzyme was eluted with buffer A containing 0.5 M NaCl and 0.5 M imidazole. The active fractions were combined and dialyzed twice against 2 L of 20 mM Tris-HCl (pH 8.0) containing 10 lM FAD and 0.2 M NaCl for 20 h each. To remove the His 6 -tag, the dialysate was digested with 30 U of enterokinase using an EK Max kit (Invitrogen, Carlsbad, CA, USA) for 16 h at 25°C. The digests were applied to a TSKgel SuperSW3000 column (4.6 · 300 mm) pre-equilibrated with 200 mM potassium phosphate (pH 7.5) containing 10 lM FAD, 1 mM sodium benzoate, 0.2 M KCl, and 0.3 mM EDTA. The column was washed with the A Worms with knocked-down DAO mRNA were prepared from asexual worms (5 mm in length) by the following method. The worms were fed twice at a 2-day interval with chicken liver supplemented with 300 ng of EGFP or DAO dsRNA. One day after the second feeding, the posterior and anterior regions of the worms were amputated, and the trunk fragments were incubated without food for 7 days, and then the partially regenerated worms were fed chicken liver supplemented with 300 ng of Dr-DAO dsRNA twice at a 2-day interval to allow the worms to fully regenerate. Then, the resultant asexual worms were fed minced B. bodies supplemented with the dsRNAs of the indicate genes for 4 weeks The feed included 100, 200, and 400 ng aliquots of dsRNA mixed with the minced worms for the first 7 days, days 8-21, and days 22-28, respectively. B The development of genital pores was examined using a stereomicroscope after 4 weeks of feeding. Asterisks denote statistically significant differences versus the control ( * P < 0.05), determined using the Chi-square test.
equilibration buffer at a flow rate of 0.2 mL/min, and the active fractions were collected. To check the purity of the collected protein, it was electrophoresed on a 12.5% SDS-PAGE as described by Laemmli (1970) . Proteins in the gel were stained with a Coomassie Brilliant Blue staining kit (Wako Pure Chemical Industries).
Assay for recombinant Dr-DAO activity
To measure the activity of the recombinant Dr-DAO, O 2 consumption was monitored polarographically with a Clark oxygen electrode (YSI 5331; Yellow Springs, OH, USA). The reaction mixture (2 mL) contained 50 mM sodium pyrophosphate, pH 8.3, 20 lM FAD, 25 lg catalase, and 50 mM various D-amino acids as substrate. We used a glass reaction vessel maintained at 25°C and the reaction was started by the addition of the recombinant Dr-DAO (2 lg).
4.8.
Quantitative reverse-transcription PCR (qRT-PCR)
qRT-PCR was performed using the 7300 Real-Time PCR System (Applied Biosystems, Foster City, CA). Each reaction mixture (25 lL) contained 12.5 lL of Power SYBR Green PCR Master mix (Applied Biosystems), 0.4 lM gene-specific primers, and 0.5 lL of the cDNA template. The PCR protocol was as follows: 50°C for 2 min and 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. The measurements were normalized to the expression levels of the glyceraldehyde 3-phosphate dehydrogenase homolog (GAPDH) or the elongation factor 1 alpha homolog (Dr-ef1a). The gene-specific primers used were as follows:
GAPDH 
In situ hybridization and histological analysis
In situ hybridization of whole mount worms and sections were performed according to our previously published methods Nakagawa et al., 2012) . Transverse and sagittal 4-lm thick sections were used for in situ hybridization and hematoxylin and eosin staining. For in situ hybridization, digoxigenin (DIG)-labeled antisense RNA probe was synthesized from the full Dr-DAO ORF, which is 996 bp. DIG was detected using an alkaline phosphatase (AP)-conjugated anti-DIG antibody (Roche, Mannheim, Germany) and stained blue with a NBT/BCIP solution (Roche) [17 lg/mL nitro-blue tetrazolium chloride (NBT) and 8.8 lg/mL 5-bromo-4-chloro-3-indolylphosphate, toluidine-salt (BCIP)].
RNAi analysis
Double-stranded RNA (dsRNA) was bacterially expressed (Newmark et al., 2003; Nakagawa et al., 2012) or in vitro-synthesized using the MEGAscript High Yield Transcription kit (Ambion, Austin, TX, USA). The Dr-DAO dsRNA was a 442-bp fragment of the ORF (33-474), and the enhanced green fluorescent protein (EGFP) dsRNA was the full-length ORF (720 bp). These dsRNAs were purified using phenol/chloroform, and then annealed. To prepare test foods for the knockdown experiments in asexual worms, bacteria expressing dsRNAs were added to the liver homogenate and stored at À80°C until use, or the in vitro-synthesized dsRNAs were added to the liver homogenate, freeze-dried and stored at À80°C until use. To prepare test foods for knockdown experiments under sexinducing conditions, dsRNAs were added to minced B. brunnea and stored at À80°C until use.
X-ray irradiation
To selectively eliminate neoblasts, asexual worms were exposed to 20-Gy irradiation using an MBR-1520R-3 X-ray irradiator (Hitachi Medical Co., Tokyo, Japan).
Planarian size measurements
To examine if Dr-DAO knockdown or administration of Damino acids affected overall growth under our experimental conditions, worms were immobilized with menthol (Nacalai Tesque, Kyoto, Japan) and imaged on an Olympus SZX9 stereomicroscope. The area of each worm was determined using ImageJ software.
